We present two new high efficiency right-angle slot waveguide bends based on a corner mirror and a triangular or square cavity. In contrast to previous devices, the nanophotonic slot regions in these bends are continuous, leading to more robust designs and the ability to create nanofluidic slot regions. The additional layer also leads to higher bending efficiencies, 95.4% and 94.1% for the bends with the triangular and square cavity, respectively.
Introduction
In contrast to normally confining and guiding light in the high-index core of a conventional waveguide, a highindex-contrast slot waveguide can efficiently confine and guide light in a nanoscale low-index slot layer sandwiched between two high-index layers. Effective guiding occurs only when the fundamental mode of the slot waveguide has an electric field component normal to the boundaries between the low-index slot and the two high-index layers [1] . The working fundamental mode of a slot waveguide is an Eigenmode. In contrast to the leaky modes in photonic crystal waveguides, the Eigenmode in the slot waveguide is confined and guided by total internal reflection (TIR) with theoretically lossless propagation [1, 2] . Because of these advantages, significant efforts have been made to design novel slot waveguide based devices and components, such as microring resonators [3] , couplers [4, 5] , modulators [6] , sensors [7] , light enhancement [8] , all-optical logic gates [9] , multimode interference waveguides [10] , etc. As is the case with conventional waveguide bends designed for the integration of conventional waveguide components [11] [12] [13] [14] [15] , and in order to facilitate high density integration of slot waveguide structures, we have proposed two high efficiency right-angle slot waveguide bends based on corner mirror and resonant cavities, one with a triangular cavity and the other one with a square cavity [16] . The slot region of these two bends is either completely or partially cut off at their global optimal bending efficiency point. Even in the case of partial cut-off, the sharp high-index corner at the bending area makes the slot transition irregular [16] . Furthermore, the slot regions are directly exposed to air, leading to issues of device robustness and preventing the use of these devices for nanofluidic based devices, in which light can be guided in lowindex fluids contained in the slot regions. Here we show that by modifying the design of the bends, we can solve both problems. Introducing a 45
• tilted slot channel to connect the bend's two slot waveguide branches results in a continuous slot region completely surrounded by the higher-index layer. The design and performance of the new proposed bending structures are explained below.
Designs and simulations
The two new right-angle slot waveguide bending structures are shown in figure 1. These are similar to the two bends demonstrated in [16] , one with a high-index isosceles rightangle triangular cavity p 1 p 2 p 3 and the other one with a highindex square cavity p 1 p 4 p 5 p 6 at the inner corner of the bending area. However, they have been modified by the tilted slot waveguide channel p 9 p 10 p 11 p 12 , which is introduced in the bending area to continuously connect the two (vertical and horizontal) identical slot waveguide branches. The width of p 9 p 10 p 11 p 12 r is set equal to the input/output slot width w S , i.e., r = w S , and points p 9 and p 12 are the crossing points of the two constructed slot waveguides of the bend, as shown in figure 1. The origin of the coordinate system is set at the center of the crossing area of the two waveguides' slots (see figure) . The white triangle ABE at the outer corner of the bending area is an air-trench (n a = 1) serving as a total internal reflection (TIR) mirror to reflect the light from vertical to horizontal [11, 12, 17] . Side AB of the mirror is tilted at an angle of 45
• with respect to the axis z. The distance dx in the x direction between line AB and line CD that is parallel to AB and passes through the origin, is used to represent the relative position of the TIR mirror. The location of the slot in the bending region remains constant, i.e. the distance between the slot edge and the TIR mirror changes with changes in dx. The material of the system is assumed to be silicon/silica at 1550 nm, so the high refractive index n H = 3.48 and the low refractive index n C = n S = 1.44. The length of p 1 p 2 and p 1 p 3 of the triangular cavity is t and the length of the side of the square cavity p 1 p 4 p 5 p 6 is s. The lengths of the two waveguides, i.e., the distance from the input line to the origin and from the origin to the output line, o 1 o and oo 2 , are set to 1.2 µm. Finally, we set w S = 50 nm and optimize the light confinement in the slot layer of the slot waveguide, attaining wH = 140 nm [2] .
The finite-difference time-domain (FDTD) method [18] is used to calculate the bending efficiency (BE) of the structures, in which the input is the TM fundamental mode of the slot waveguide. The mesh size of 2.5 nm in both the x and the z directions is used throughout the work. Using procedures similar to those in [16] , we optimize the BEs of the proposed two right-angle bends by conducting a two-dimensional parametric scanning of Figure 2 shows the calculated BEs in terms of the model overlap integral (MOI) [16] [16] , respectively. The optimal dx's in both cases are positive, indicating the compensation for the Goos-Hänchen shift at the mirror interfaces [16] . Interestingly, the addition of the tilted slot waveguide channel p 9 p 10 p 11 p 12 only decreases the optimal dx by 5 nm from 55 to 50 nm, but increases the optimal t significantly, from 190 to 250 nm for the bend with the triangular cavity. In contrast, the optimal dx increases considerably from 10 to 40 nm, while the optimal s changes only 3 nm from 172 to 175 nm for the bend with the square cavity. It can also be seen from figure 2 that around the global optimal points there are a few maxima very close, and the curves are relatively flat, indicating low-Q cavities have been used, which is similar to the cases in [16] .
Conclusions
We have proposed and analyzed two new high efficiency rightangle slot waveguide bending structures with continuous tilted slot channels in the bending area, based on an air-trench TIR mirror and a triangular or a square cavity. TIR happens at boundary AB, but not all of the light coming from the input branch waveguide is totally reflected toward the output branch, causing part of the bending losses. This can be explained by applying the plane wave expansion theory to a waveguide Eigenmode: a Fourier transform converts an Eigenmode of a waveguide into wavevector space (k-space), with k in [−∞, +∞]. Thus the Eigenmode is composed of plane waves with a range of incident angles, a fraction of which are larger than the TIR critical angle, and therefore are not totally reflected [17, 19] . The portion of the light transmitted into the air-trench directly results in part of the bending loss. In addition, the profile of the reflected light may be different from the Eigenmode of the output waveguide. This profile mismatch causes radiation/scattering into the background, resulting in another portion of the bending loss. Through the optimization in [dx, t or s], the mismatch has been minimized, giving rise to the high bending efficiencies.
Resonant cavities have been widely researched to improve the BEs in high-index-contrast right-angle bending structures [11, 13] . Their utility in the proposed bending structures can also be intuitively explained. Due to the addition of the tilted slot channel, the crossing area of each bend becomes a tilted asymmetric waveguide, with wider high-index layers at the inner corner, to shift the energy gradually from the vertical branch to the horizontal branch on the right side. Because of this two-step shifting, one to draw the energy to the right of the vertical branch and the other to push the energy back to the horizontal branch, there is an optimal cavity dimension to provide the maximum effect for achieving high BEs. The major difference between the optimized parameters of the two bends lies in the lengths t = 250 nm and s = 175 nm of the cavities, while their dx's are similar. It is interesting that on line op 1 , which is the transition line from vertical to horizontal, both bending structures have similar asymmetric slot waveguide profiles, indicating the similar overall BEs and the large difference between cavity length t and s.
In both of the proposed cases, the added tilted slot channels have the same width as the input and output slots. The inclusion of the tilted slot channels not only avoids complete or partial cut-off of the slot layer, as in [16] , but also achieves better BEs when compared to the two original right-angle slot waveguide bends. In addition, the newly proposed structures possess similar features to the structures in [16] , such as maxima close to the global optimal points, and flat BE curves around the maxima indicating low-Q cavities. However, we found that either the dimension of the triangular cavity, or the position of air-trench mirror of the new bending structure, has to be changed significantly from the structures in [16] to achieve the global optimal BE points.
